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Nonperturbative coupling of light with condensed matter in an optical cavity is expected to reveal
a host of coherent many-body phenomena and states [1–7]. In addition, strong coherent light-matter
interaction in a solid-state environment is of great interest to emerging quantum-based technolo-
gies [8, 9]. However, creating a system that combines a long electronic coherence time, a large
dipole moment, and a high cavity quality (Q) factor has been a challenging goal [10–13]. Here, we
report collective ultrastrong light-matter coupling in an ultrahigh-mobility two-dimensional electron
gas in a high-Q terahertz photonic-crystal cavity in a quantizing magnetic field, demonstrating a
cooperativity of ∼360. The splitting of cyclotron resonance (CR) into the lower and upper po-
lariton branches exhibited a
√
ne-dependence on the electron density (ne), a hallmark of collective
vacuum Rabi splitting. Furthermore, a small but definite blue shift was observed for the polariton
frequencies due to the normally negligible A2 term in the light-matter interaction Hamiltonian. Fi-
nally, the high-Q cavity suppressed the superradiant decay of coherent CR, which resulted in an
unprecedentedly narrow intrinsic CR linewidth of 5.6GHz at 2K. These results open up a variety
of new possibilities to combine the traditional disciplines of many-body condensed matter physics
and cavity-based quantum optics.
PACS numbers: 78.67.De, 73.20.–r, 76.40.+b, 78.47.jh
Strong resonant light-matter coupling in a cavity set-
ting is an essential ingredient in fundamental cavity
quantum electrodynamics (QED) studies [14] as well
as in cavity-QED-based quantum information process-
ing [8, 9]. In particular, a variety of solid-state cav-
ity QED systems have recently been examined [15–18],
not only for the purpose of developing scalable quantum
technologies, but also for exploring novel many-body ef-
fects inherent to condensed matter. For example, collec-
tive
√
N -fold enhancement of light-matter coupling in an
N -body system [19], combined with colossal dipole mo-
ments available in solids, compared to traditional atomic
systems, is promising for entering uncharted regimes of
ultrastrong light-matter coupling. Nonintuitive quan-
tum phenomena can occur in such regimes, including
a “squeezed” vacuum state [1], the Dicke superradiant
phase transition [2, 3], the breakdown of the Purcell ef-
fect [4], and quantum vacuum radiation [5] induced by
the dynamic Casimir effect [6, 7].
Specifically, in a cavity QED system, there are three
rates that jointly characterize different light-matter cou-
pling regimes: g, κ, and γ. The parameter g is the cou-
pling constant, with 2g being the vacuum Rabi splitting
between the two normal modes, the lower polariton (LP)
and upper polariton (UP), of the coupled system. The
parameter κ is the photon decay rate of the cavity; τcav
= κ−1 is the photon lifetime of the cavity, and the cav-
ity Q = ω0τcav at mode frequency ω0. The parameter
γ is the nonresonant matter decay rate, which is usually
the decoherence rate in the case of solids. Strong cou-
pling is achieved when the splitting, 2g, is much larger
than the linewidth, (κ + γ)/2, and ultrastrong coupling
is achieved when g becomes a considerable fraction of
ω0. The two standard figures of merit to measure the
coupling strength are C ≡ 4g2/(κγ) and g/ω0; here, C
is called the cooperativity parameter [18], which is also
the determining factor for the onset of optical bistabil-
ity through resonant absorption saturation [20]. In order
to maximize C and g/ω0, one should construct a cavity
QED setup that combines a large dipole moment (i.e.,
large g), a small decoherence rate (i.e., small γ), a large
cavity Q factor (i.e., small κ), and a small resonance fre-
quency ω0.
III-V semiconductor quantum wells (QWs) provide one
of the cleanest and most tunable solid-state environments
with quantum-designable optical properties. Microcav-
ity QW-exciton-polaritons represent a landmark realiza-
tion of a strongly coupled light-condensed-matter system
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2that exhibits a rich variety of coherent many-body phe-
nomena [21]. However, the large values of ω0 and rel-
atively small dipole moments for interband transitions
make it impractical to achieve large values of g/ω0 using
exciton-polaritons. Intraband transitions, such as inter-
subband transitions (ISBTs) [1] and cyclotron resonance
(CR) [22], are much better candidates for accomplishing
ultrastrong coupling because of their small ω0, typically
in the midinfared and terahertz (THz) range, and their
enormous dipole moments (10s of e-Å). Experimentally,
ultrastrong coupling has indeed been achieved in GaAs
QWs using ISBTs [10, 11] and CR [12, 13]. In the lat-
ter case, a record high value of g/ω0 = 0.87 has been
reported [13]. In all these previous intraband studies of
ultrastrong light-matter coupling, however, due to ultra-
fast decoherence (large γ) and/or lossy cavities (large κ),
the value of C remained small, i.e., the standard strong-
coupling criterion (C  1) was not satisfied.
Here, we simultaneously achieved small γ and small
κ in ultrahigh-mobility two-dimensional electron gases
(2DEGs) in GaAs QWs placed in a high-Q 1D THz
photonic-crystal cavity (PCC) in a perpendicular mag-
netic field. We achieved ultrastrong coupling (C > 300
and g/ω0 ∼ 0.1) between coherent CR and THz cavity
photons, observing vacuum Rabi splitting (Rabi oscilla-
tions) in the frequency (time) domain. Furthermore, we
observed a
√
ne-dependence of 2g on the electron density
(ne), signifying the collective nature of light-matter cou-
pling [19, 23–26]. A value of g/ω0 = 0.12 was obtained
with just a single QW with a moderate ne. Finally, the
previously identified superradiant decay of CR in high-
mobility 2DEGs [27] was significantly suppressed by the
presence of the high-Q THz cavity. As a result, we ob-
served ultranarrow polariton lines, yielding an intrinsic
CR linewidth as small as 5.6GHz (or a CR decay time
of 57 ps) at 2K.
High-mobility GaAs 2DEG samples were studied using
THz time-domain magnetospectroscopy. The magnetic
field quantized the density of states of the 2DEG into
Landau levels. As schematically shown in Fig. 1a, THz
cavity photons are coupled with the transition between
adjacent Landau levels, i.e., CR. Figure 1b shows our
1D THz PCC design, consisting of two layers of 50-µm-
thick undoped Si wafers on each side as a Bragg mirror.
Thanks to the large contrast of refractive index between
Si (3.42 in the THz range) and vacuum, only a few layers
of Si were required to achieve sufficient cavity confine-
ment of THz radiation with high Q values. A substrate-
removed 4.5-µm-thick GaAs 2DEG sample was placed
on the central “defect” layer of the PCC, which was a
100-µm-thick Si (sapphire) wafer in Cavity 1 (Cavity 2).
Calculated electric field distribution inside Cavity 1 is
shown in Fig. 1, c, d, and e, for the first, second, and
third cavity modes, respectively. The spatial overlap of
the 2DEG and the electric field maximum ensured the
strongest light-matter coupling.
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FIG. 1: 1D THz photonic crystal cavity (PCC) with a
high-mobility 2DEG.
a, Schematic diagram for cyclotron resonance involving two
adjacent Landau levels resonantly coupled with a THz cavity
field. g: light-matter coupling constant, κ: photon decay rate,
and γ: matter decay rate. b, 1D THz PCC structure. Two
silicon layers are placed on each side of the center defect layer.
The blue part is the transferred 2DEG thin film. c, d, and
e, Calculated electric field amplitude distribution inside the
cavity for the 1st, 2nd, and 3rd cavity modes. The 2DEG
is located at the field maximum for all three cavity modes.
f, Experimental power transmittance spectrum for the cavity.
Three sharp cavity modes are clearly resolved in the middle
of each stop-band. g, h, and i, Zoom-in spectra for the three
cavity modes, together with Lorentzian fits. The FWHM (Q)
values are 2.6GHz (150), 5GHz (243), and 3.8GHz (532) for
the 1st, 2nd, and 3rd modes, respectively.
Figure 1f shows a THz transmission spectrum for Cav-
ity 1, containing a 2DEG, at 4K. Three photonic band
gaps are seen as transmission stop-bands. At the cen-
ter of each stop-band, a sharp cavity mode is observed.
As shown in Fig. 1, g, h, and i, the full-width-at-half-
maximum (FWHM) values, or κ, of these cavity modes
were 2.7GHz, 5.0GHz, and 3.8GHz, corresponding to Q
factors of 150, 243, and 532, respectively; note that these
numbers are slightly lower than those for an empty cavity
3without including the 2DEG, which were 183, 450, and
810. These Q-factors are one to two orders of magnitude
higher than those reported for the THz metamaterial res-
onators employed in previous untrastrong-coupling stud-
ies using 2DEG CR [12, 13]. In the following, experimen-
tal data recorded with Cavity 1 are shown.
By varying the magnetic field (B), we continuously
changed the detuning between the cyclotron frequency
(ωc = eB/m∗, where m∗ = 0.07me is the electron effec-
tive mass of GaAs and me = 9.11 × 10−11 kg) and the
cavity mode frequency (ω0): ∆ ≡ ω0 − ωc. Clear anti-
crossing behavior, expected for strong coupling, is shown
in Fig. 2a for the first cavity mode in Cavity 1. Two po-
lariton branches (LP and UP) were formed through the
hybridization of CR and the THz cavity photons. The
central peak originates from the transmission of the CR-
inactive circular-polarization component of the linearly
polarized incident THz beam, which does not interact
with the 2DEG and whose position is independent of B.
The FWHM of the central peak is thus given by κ, while
that for the LP and UP peaks at ∆ = 0 is given by
(κ + γ)/2. Therefore, from the ∆ = 0 spectrum (Br =
1.00T for this mode), we determined (2g, κ, γ, ω0)/2pi =
(74, 2.6, 5.6, 407)GHz, yielding C = 360 and g/ω0 =
0.09. Parameter values determined in this manner for
all modes in both Cavities 1 and 2 are summarized in
Table I, together with cavity parameters and resonance
conditions.
As in other cavity QED systems based on atoms and
microcavity excitons, vacuum Rabi splitting in the fre-
quency domain can be directly observed as time-domain
oscillations [23, 26, 28]. Experimentally, for an incident
THz beam linearly polarized in the x direction, we mea-
sured the y-polarization component, Ey, of the transmit-
ted THz wave, in both positive (+B) and negative (−B)
fields, and took the difference ∆Ey = Ey(+B)−Ey(−B),
to eliminate any background noise. The CR inactive
mode was numerically filtered out. As shown in Fig. 2b,
the measured ∆Ey signal showed strong beating between
the two polariton modes, which can be viewed as coherent
repetitive energy exchange between the matter resonance
and the cavity photons. At each beating node (indicated
by an arrow), energy is stored in the 2DEG CR. The
average time separation between two adjacent beating
nodes was about 13-15 ps, matching the 2g splitting in
the frequency domain; see also Fig. 2c for the Fourier
transform of the time-domain oscillations. The beating
lasts for dozens of picoseconds, indicating a long intrinsic
CR coherence time.
In analogy to the physics of many-atom light-matter
interactions [19], one crucial question is whether the Rabi
splitting observed here is a fully coherent behavior of a
large number of individual electrons in the 2DEG. Fig-
ure 2, d and e, show three spectra showing polariton
manifestation at ∆ = 0 for different electron densities
(ne), when CR is in resonance with the first cavity mode
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FIG. 2: Observation of collective ultrastrong light-
matter coupling in a 2D electron gas in a THz
photonic-crystal cavity. a, Anticrossing of cyclotron res-
onance (CR) and the first cavity mode, exhibiting the lower-
polariton (LP) and upper-polariton (UP) branches. The cen-
tral peak due to the cavity mode results from the CR inactive
circularly polarized component of the linearly polarized THz
beam. Transmission spectra at different magnetic fields are
vertically offset for clarity. The magnetic field increases from
0.4T (bottom) to 1.4T (top). b, Vacuum Rabi oscillations
in the time domain. CR is resonantly coupled with the second
cavity mode at 2.975T. ∆Ey = Ey(+2.975T)−Ey(−2.975T)
is the measured difference between the transmitted THz wave-
forms taken at +2.975T and −2.975T in the y-polarization
direction. The residual CR inactive cavity mode was removed
by a numerical notch filter. The beating nodes of the two po-
laritons are indicated by arrows. c, The frequency-domain
spectrum of ∆Ey in b. d, Vacuum Rabi splitting observed
for 2DEGs with three different electron densities. CR was
resonant with the fundamental cavity mode. e, Square root
of ne dependence of vacuum Rabi splitting, evidencing the
collective nature of light-matter coupling.
4Cavity Mode Q τcav Br ν ω0/2pi 2g/2pi κ/2pi γ/2pi g/ω0
(ps) (T) (GHz) (GHz) (GHz) (GHz)
1 1 183 69 1.000 12.4 407 74 2.6 5.6 0.09
1 2 450 57 2.975 4.2 1218 66 5.0 NA† 0.03
1 3 810 61 4.925 2.5 2020 60 3.8 NA† 0.015
2 1 >40∗ – 0.950 13 375 90 <10∗ <10∗ 0.12
2 2 >110∗ – 2.700 4.6 1100 90 <10∗ <10∗ 0.04
TABLE I: Cavity and matter parameters extracted from experimental data for each cavity mode in the two cavities used.
Q: quality factor of cavity without 2DEG, τcav: photon lifetime of cavity without 2DEG, Br: resonance magnetic field, ν =
neh/eB: Landau-level filling factor at B = Br, ω0:mode frequency, 2g: vacuum Rabi splitting, κ: photon decay rate (with
2DEG), and γ: nonradiative matter decay rate. ∗Instrument limited due to insufficient time-scan range. †Not accurately
obtainable because of distorted lineshape.
in Cavity 1. The vacuum Rabi splitting (2g) between the
LP and UP peaks exhibited a square-root dependence on
ne (Fig. 2e), which is strong evidence for collective vac-
uum Rabi splitting, as observed in atomic gases [23] and
spin ensembles [24–26]. This observation validates the
notion that billions of 2D electrons are interacting with
a common cavity THz photon field in a fully coherent
manner. By extrapolation, the vacuum Rabi splitting for
CR of a single electron is estimated to be 0.14MHz. It is
also worth noting that we should be able to increase the
vacuum Rabi splitting further by using multiple layers of
a 2DEG with a higher electron density.
The coupled system of Landau-quantized 2D electrons
and THz cavity photons can be described by the follow-
ing Hamiltonian [22]: Hˆtot = HˆCR + Hˆcavity + Hˆint +
Hˆdia, where HˆCR = ~ωcbˆ†bˆ, Hˆcavity = ~ω0aˆ†aˆ, Hˆint =
~gaˆ(bˆ† − bˆ) + ~gaˆ†(bˆ† − bˆ), and Hˆdia = (~g2/ωc)(aˆ†aˆ† +
aˆ†aˆ + aˆaˆ† + aˆaˆ). The first two terms, Hˆcavity and HˆCR,
represent, respectively, the energy of the cavity mode at
ω0 and the energy of the 2DEG in a B with frequency
ωc. The operators aˆ and aˆ† (bˆ and bˆ†) are the annihi-
lation and creation operators for cavity photons (collec-
tive CR excitations), respectively. The light-matter in-
teraction term, Hˆint, with coupling strength g includes
counter-rotating terms, ~g(aˆ†bˆ† − aˆbˆ), which are usu-
ally neglected under the rotating-wave approximation.
Also included in the total Hamiltonian is the diamagnetic
term, Hˆdia, also known as the A2 term because, mathe-
matically, it is proportional to the square of the vector
potential A of the light field. The pre-factor ~g2/ωc of
the A2 term suggests that this term is negligible in the
weak-coupling regime but can have measurable effects in
the ultrastrong-coupling regime where g is on the order
of ωc.
Figure 3a presents the best fits to our data with three
different Hamiltonians: i) HˆCR+Hˆcavity+Hˆint+Hˆdia (full
Hamiltonian), ii) HˆCR + Hˆcavity + Hˆint, and iii) HˆCR +
Hˆcavity + ~g(aˆbˆ† + aˆ†bˆ) (the Jaynes-Cummings Hamilto-
nian, HˆJC). At the optimum fitting, the value of g/ω0
was determined to be 0.09 (for Cavity 1). The full CR-
cavity Hamiltonian, i), provided the best fit, while the
other two failed to show the non-negligible blue shift of
the polariton modes. With g/ω0 = 0.1, the contribution
of the A2 term is expected to be on the order of 0.01ω0.
This 1% contribution from the A2 term indeed explains
the observed blue shift, which is another manifestation
of the fact that our system is in the ultrastrong-coupling
regime. Furthermore, even the cavity mode is affected
by ultrastrong coupling: as shown in Fig. 3b, the residual
cavity mode exhibits a red shift with increasing magnetic
field. This unexpected behavior occurs because the ul-
trastrong light-matter interaction even enables coupling
between the cavity mode and the CR inactive mode at
a negative frequency. The cavity mode is actually part
of the UP branch for the CR inactive mode, as shown in
Fig. 3c.
Finally, we studied the extracted value of γ as a func-
tion of temperature. It has previously been shown that
the decay of CR in free space is dominated by collective
radiative decay, or superradiance, in ultrahigh-mobility
2DEGs, showing a decay rate that is proportional to
ne [27]. This radiative decay mechanism is very strong
and dominant at low temperatures, faster than any other
phase breaking scattering processes; thus, CR lines are
much broader than expected from the sample mobility.
In the present case, however, the emitted coherent CR ra-
diation cannot readily escape from the high-Q cavity and
thus re-excites coherent CR multiple times. Hence, this
reversible emission and absorption in a strongly coupled
cavity-2DEG system strongly suppresses the superradi-
ant decay, revealing the intrinsic CR decoherence rate,
ΓCR (s−1) = (piτCR)−1. This dramatic suppression of
radiative decay is opposite to the Purcell effect in a high-
Q cavity expected in the weak-coupling regime and can
only be understood within the framework of strong cou-
pling [29], where superradiant decay is suppressed by the
reversible absorption and emission processes.
Figure 4a presents temperature-dependent transmis-
sion spectra at ∆ = 0 for the first cavity mode in
Cavity 1. The LP and UP peaks significantly broad-
ens above 20K, becoming unobservable above 80K. The
central peak, on the other hand, remains essentially un-
changed as the temperature increases, serving as an ex-
cellent linewidth reference. At each temperature, we de-
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FIG. 3: Theoretical modeling of ultrastrong THz-light-
matter coupling. a, The best fits to our experimental
data for the first mode using three different Hamiltonians:
i) the full CR-cavity Hamiltonian (black solid), ii) the full
CR Hamiltonian without the A2 term (black dashed), and
iii) the Jaynes-Cummings Hamiltonian (blue dotted). Only
the full CR-cavity Hamiltonian reproduced the experimental
data well, suggesting the non-negligible contribution of the
A2 term on the polariton frequencies, i.e., the system is in the
ulrastrong coupling regime. The best fit was achieved when
g/ω0 = 0.09 for Cavity 1. b, Power transmittance spectra
at specific magnetic fields. Lorentzian fits are shown as solid
lines. The residual cavity mode exhibits a red shift with in-
creasing magnetic field, which is due to the coupling with the
CR inactive mode at a negative frequency. c, Peak positions
of the polariton modes (red solid diamonds) and the residual
cavity mode (blue solid diamonds) as a function of magnetic
field. The blue and red solid lines are CR active (CRA) and
inactive (CRI) modes, respectively. Quantum mechanical fit-
ting curves for polariton branches are shown as dashed lines.
termined both κ and γ, using the procedure described
earlier (Fig. 2a). As shown in Fig. 4b, the CR decay time
in the cavity is 57 ± 4 ps at 2K, much longer than the
superradiance-limited value in free space (10 ps). There-
fore, the CR decay time measured in our high-Q cavity
is the intrinsic CR decay time, τCR, due to nonradiative
decay mechanisms (i.e., scattering). Above 20K, τCR ap-
proaches the DC momentum scattering time, τDC, where
piezoelectric scattering and polar optical phonon scatter-
ing dominate. At 2K, τCR is still lower than τDC. How
the CR linewidth in a high-mobility 2DEG changes with
the magnetic field and temperature is a long-standing
question [30], and a systematic study of ‘superradiance-
free’ CR widths should provide significant new insight.
We have demonstrated collective and ultrastrong light-
matter coupling between the CR of a 2DEG and THz cav-
ity photons in a high-Q 1D photonic-crystal cavity, with a
cooperativity up to 360. Unlike the near-field coupling of
metamaterial resonators, our THz cavity scheme is appli-
cable to both 2D and bulk materials, which will allow us
to study various strongly correlated systems with collec-
tive many-body excitations in the THz range, e.g., mag-
netically ordered systems, high-temperature supercon-
ductors, and heavy-fermion systems. Hence, our demon-
stration of ultrastrong light-matter interaction in high-Q
THz cavities opens a door to a plethora of new possibili-
ties to combine the traditional disciplines of many-body
condensed matter physics and quantum optics of cavity
QED.
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FIG. 4: Observation of ultranarrow CR linewidths due to the suppression of superradiant decay by the high-Q
cavity. a, Temperature dependent spectra showing polariton peaks at zero detuning with the fundamental cavity mode from
2K to 80K with Lorentzian fits (black dashed lines). Traces are vertically offset for clarity. b, Temperature dependence of
the CR decay time τCR measured in free space (red solid circles), τCR measured in the cavity (blue solid circles), and the DC
momentum scattering time τDC (black open circles). The value of τCR in the cavity is 57 ps at 2K, significantly enhanced from
the superradiance-limited τCR of 10 ps in free space.
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